Many structural, signaling, and adhesion molecules contain tandemly repeated amino acid motifs. The a-actinin/ spectrin/dystrophin superfamily of F-actin-crosslinking proteins contains an array of triple o-helical motifs (spectrin repeats). We present here the complete sequence of the novel P-spectrin isoform Pu,,,,,-spectrin (Pn). The sequence of PH supports the origin of (Y-and P-spectrins from a common ancestor, and we present a novel model for the origin of the spectrins from a homodimeric actin-crosslinking precursor. The pattern of similarity between the spectrin repeat units indicates that they have evolved by a series of nested, nonuniform duplications. Furthermore, the spectrins and dystrophins clearly have common ancestry, yet the repeat unit is of a different length in each family. Together, these observations suggest a dynamic period of increase in repeat number accompanied by homogenization within each array by concerted evolution. However, today, there is greater similarity of homologous repeats between species than there is across repeats within species, suggesting that concerted evolution ceased some time before the arthropod/vertebrate split. We propose a two-phase model for the evolution of the spectrin repeat arrays in which an initial phase of concerted evolution is subsequently retarded as each new protein becomes constrained to a specific length and the repeats diverge at the DNA level. This evolutionary model has general applicability to the origins of the many other proteins that have tandemly repeated motifs.
Introduction
The spectrin-based membrane skeleton is a ubiquitous cellular structure that has been implicated in a number of fundamental cellular processes. These include the maintenance of cell shape and integrity, the generation and/or maintenance of cell polarity, and the formation of cell adhesion complexes (Bennett and Gilligan 1993; Drubin and Nelson 1996) . The utilization of different spectrin isoforms is probably a key step in creating biochemical differences between different membrane domains. In vertebrates, several spectrin isoforms are known. Diversity at the protein level is encoded by multiple genes, by alternatively spliced mRNAs from individual genes, and by the combinatorial association of (x-and P-spectrins (Luna and Hitt 1992; Bennett and Gilligan 1993) . This diversity of spectrin isoforms and the fact that these genes are often developmentally regulated is consistent with the view that variability in the function of the membrane skeleton in diverse tissues is due, at least in part, to the particular spectrin isoform that is expressed.
Spectrins are elongated proteins that form tetramers from two (x and two l3 subunits. Such tetramers crosslink F-actin via actin-binding domains on the P-spectrin subunits. The bulk of the mass and the ropelike nature of the spectrins comes from a short -106-amino-acid rel Present address: Department of Cell Biology and Anatomy, Collegc of Medicine, University of Arizona.
peat (spectrin repeat) that forms a triple o-helical structure (Speicher and Marchesi 1984; Yan et al. 1993) . Spectrin repeats are not identical, but follow consensus rules for forming the three cx-helices that fold to form a short triple a-helical unit (Speicher and Marchesi 1984; Yan et al. 1993) , and specific regions of the repeat array have evolved specific functions. These include binding to the protein ankyrin (Kennedy et al. 1991) , an adapter between some integral membrane proteins and the spectrin network (Bennett 1992) , and the ar/@spectrin dimerization nucleation site (Veil and Branton 1994) . Drosophila has three known spectrin genes encoding an o-spectrin and two isoforms of P-spectrin. One l3 isoform has the conventional @spectrin-like structure consisting of an amino-terminal (N-terminal) actin-binding domain followed by 17 spectrin repeats and a carboxy-terminal (C-terminal) nonrepetitive domain containing a pleckstrin homology (PH) domain (Byers et al. 1992; Musacchio et al. 1993) . The second l3 isoform, P neavy-spectrin (Pu), is unusually large for a P-spectrin (470 kDa) but dimerizes with the same ar-spectrin as the conventional l3 isoform (Dubreuil et al. 1990 ) and typically has a polarized distribution in epithelial cells (Thomas and Kiehart 1994; Lee et al. 1997) . Thus, in Drosophila, the combinatorial association of two pspectrin isoforms with one o-spectrin to produce two different membrane skeletons provides a simple model system to investigate the differences between spectrin isoforms in establishing and/or maintaining membrane subdomains with specific characteristics.
Analysis of the amino acid sequences of a-actinin, spectrins, and dystrophin proteins has suggested that all three protein families arose from a single common ancestral protein that was a-actinin-like (Dubreuil 199 1; Byers et al. 1992) . Specifically, cx-actinin has an N-terminus resembling that of P-spectrins and dystrophins (and that of other actin-crosslinking proteins [Dubreuil (Dubreuil et al. 1990) , and its sequence is reported in this paper.
1991; Hartwig and Kwiatkowski 19911; fig. l) , a short repeated a-helical motif common to the whole family, and Ca2+-binding EF-hands at the C-terminus related to those of a-spectrins and dystrophins. The spectrin repeats are reiterated a distinct number of times in each protein, resulting in a characteristic actin-crosslinking distance. cx-Actinin has 4 repeats, B-spectrin 17, a-spectrin 20, dystrophin 24, and Bn 30 ( fig. 1 ). a-Actinin forms a homodimer, while 01-and B-spectrins form (x2/ B, (or 02/BH2) heterotetramers to crosslink F-actin. Based on homology, dystrophin may well have been a homodimer in the past, while the native oligomeric state of dystrophin today remains controversial (Rybakova, Amann, and Ervasti 1996) . These similarities have led to the speculation that the lengths we see today arose by intragenic duplication of repeats in an cx-actinin-like ancestor and that (x-and B-spectrins are derived from a longer homodimeric precursor (Dubreuil et al. 1989; Byers et al. 1992) .
We report here the complete sequence of Bn and extend the evolutionary analysis of the o-actinin/spectrin/dystrophin superfamily of proteins. Moreover, we provide direct evidence for the hypotheses that CY-and B-spectrins had a common ancestor by analyzing the Src homology 3 (SH3) motif, which is found in both Bn and cx-spectrin. In addition, we present a novel model for the evolutionary origin of these two proteins from their most recent common ancestor.
Spectrin repeat arrays presumably arose through intragenic duplication events from some archetypal repeat. Such repetitive DNA sequences are expected to exhibit concerted evolution; they should tend to remain homogeneous in sequence due to the action of sequence exchanges between repeats resulting from gene conversion and unequal crossing over events (Zimmer et al. 1980) . However, sequences of the spectrin repeats today have diverged, and we have previously shown that there has been no sequence exchange among the repeats in the arrays since the divergence of arthropods and vertebrates some 500 MYA (Muse, Clark, and Thomas 1997) . Here, we test the hypothesis that concerted evolution occurred prior to this date by analyzing the relationships between the o-spectrin, B-spectrin, and Bn repeat sequences. We find evidence for a dynamic phase of concerted evolution during which the evolution of the repeated array was dominated by the behavior of the underlying repeated DNA. This dynamic phase gave way to a second stable phase prior to the arthropod/vertebrate divergence some 500 MYA. This two-phase evolutionary model has general applicability to the many other proteins containing tandemly repeated protein motifs.
Materials and Methods
The Bn mRNA is 13 kb in size (Dubreuil et al. 1990 ). Approximately 7 kb of this has been reported in previous publications (Dubreuil et al. 1990, Thomas and Kiehart 1994 ; GenBank accession numbers X53992 and UO7629). Using the C-terminal clone, pBH12 (Thomas and Kiehart 1994) , as a probe to screen an embryonic cDNA library (Brown and Kafatos 1988) , we recovered a larger cDNA clone, p3F1, which contains an additional 3 kb of coding sequence. The remaining sequences were isolated by PCR using the genomic clone X3-8 as a template and primers from flanking cDNA fragments. The 5 ' untranslated sequences were isolated using 5 '-RACE PCR (Frohman 1990 ; Life Technologies, Gaithersburg, Md.). Nested deletions of clones (Erase-a-Base, Promega, Madison, Wis.) were sequenced using the Sequenase kit (Amersham Life Sciences Inc., Arlington Heights, Ill.) or by automated cycle-sequencing in core facilities for DNA sequencing at the University of North Carolina (Chapel Hill, N.C.) and The Pennsylvania State University (University Park, Pa.). Synthetic oligonucleotides were used as necessary to obtain complete coverage. Sequences derived from cloned PCR fragments were verified by sequencing a single strand on the genomic DNA template clones. The total length of the Bn mRNA was found to be 12,952 bp (with one small intron of 182 bp identified by sequence analysis in the genomic PCR fragment) and predicts a protein product of 4,097 amino acids (M, = 47 1,7 17).
Accession numbers for the sequences used in the evolutionary analysis presented here are given in table 1. Neighbor-joining trees were constructed using MEGA (Kumar, Tamwa, and Nei 1993) with Poisson correction to amino acid distance.
Results and Discussion

The Complete Sequence of Bn
We have completed the sequence of the atypical Bspectrin isoform Bn ( fig. 1) . Bn is distinguished from other B-spectrin isoforms in that it contains an SH3 domain (Musacchio, Wilmanns, and Saraste 1994), 30 rather than 17 spectrin repeats, and a larger C-terminal AF022656 Dubreuil et al. (1990) ; Thomas and Kiehart (1994) ; this paper M61877, JO5244 Sahr et al. (1990 ) 505500, M37884 Winkelman et al. (199Oa, 1990b Prassler et al. (1997) domain containing the ubiquitous pleckstrin homology (PH) domain (Musacchio et al. 1993) (fig. 2 ). Throughout this paper, we use the segment nomenclature described in Byers et al. (1992) to describe regions of the spectrin molecules discussed. Thus, conventional pspectrins have segments 1-19 (segment 1 is the actinbinding domain; segments 2-17 are 16 spectrin repeats; segment 18 is the part-repeat which participates in the cx@ head-to-head interaction; and segment 19 is the Cterminal domain; fig. 2B ), cx-spectrins have segments O-22 (segment 0 is the part-repeat which participates in the o/p head-to-head interaction; segments l-9 and 1 l-21 are 20 spectrin repeats; segment 10 is an SH3 domain embedded in the spectrin repeat of segment 9; and segment 22 is the Ca2+-binding C-terminal domain). Pn has segments l-33 (segment 1 is the actin-binding domain; segments 2-6 and 8-31 are 29 spectrin repeats; segment 7 is an SH3 domain embedded in the spectrin repeat of segment 6; segment 32 is a part-repeat predicted to participate in the CX/~~ head-to-head interaction; and segment 33 is the C-terminal domain; fig. 2 ). A brief description of the sequence features found in the Bn sequence is given in the legend of figure 2.
A major feature found in conventional P-spectrin isoforms is a binding site for the protein ankyrin (Bennett 1992), which links the spectrin membrane skeleton to a variety of integral membrane proteins. Recent evidence from immunofluorescent stainings has suggested that ankyrin colocalizes with P-spectrin but not with Pn, raising the possibility that Pn does not bind to ankyrin (Lee et al. 1997) . Conventional P-spectrins bind to ankyrin in a region that overlaps segments 15/16 (Kennedy et al. 1991) . Two regions of the Pn protein are potentially homologous to this region. Since PH and P-spectrins appear to be colinear over the initial 17 spectrin repeats (see fig. 7 ) one candidate region is Pn segments 16/17 (see fig. 2B ). The second possible region is Pn segments 29/30, since this is part of a duplicated region originating from a region that included segments 16/17 (see below and fig. 7 ). While there is extremely good conservation of segments 15 and 16 in all conventional P-spectrins, Bn is quite divergent at both the segment 16/17 and 29/30 regions ( fig. 3 ), suggesting that the primary structure of this region is not capable of folding to form an ankyrin-binding site.
The Evolutionary Relationship of Bn to other P-Spectrins
The N-terminal actin-binding domain of PH is also found in P-spectrin, a-actinin, and dystrophin ( fig. 1 ) as well as other actin-crosslinking proteins (Dubreuil 1991; Hartwig and Kwiatkowski 1991) . The proportion of identical amino acids in the actin-binding domain of the most divergent pair (human Po-spectrin vs. human dystrophin) is 0.484, indicating that the actin-binding domain is sufficiently conserved that interprotein distance estimates can be made reliably. Pairwise comparison of the actin-binding domain of PH with those of these other actin-crosslinking proteins suggests that PH defines a new and distinct class of P-spectrins that diverged from a-actinin at about the same time as conventional P-spectrins and dystrophins ( fig. 4) . The pairwise distances among the Drosophila genes' actin-binding domains, expressed as the number of amino acid substitutions per site are: cx-actinin-P-spectrin, 0.671 + 0.060; P-spectrin-pa, 0.594 + 0.055; and o-actinin+n, 0.811 + 0.068. Examination of the bootstrap confidence in the nodes of the neighbor-joining tree constructed from the actin-binding domains shows that none of the three groupings ((cx-actinin, P-spectrin), Pn), (a-actinin, (pspectrin, Pn)), or ((a-actinin, Pn), g-spectrin), is found to be significantly more likely, reflecting the ancient or- Byers et al. (1992) . #S-segment number; #AA#AA-amino acid range shown on corresponding line. The repetitive segments (2-6, 8-32) are aligned relative to one another (except for the eight-amino-acid extension at the C-terminus of segment 2, which is wrapped for convenience).
Since insertions tend to occur between the a-helices, the appearance of three columns reflects the locations of helices a, b, and c (left to right). The alignment of the PH repeats shown here is that used to provide evidence of block duplications in figure 7 . Briefly, the unique (nonrepeat) features present in the fin sequence are: segment l-conserved actin-binding domain. Pn binds actin (Dubreuil et al. 1990 ); segment 2-probable dimer nucleation site resembling that of P-spectrins (Dubreuil et al. 1990; Veil and Branton 1994) ; segment 7-Src homology 3 (SH3) domain inserted between the b and c helices of segment 6 (Dubreuil et al. 1990; Musacchio, Wilmanns, and Saraste 1994) ; segment 20-an unusual extension of four amino acids between helices a and b of unknown significance; segment 32-spectrin repeat truncated after the b helix and probably forming the head-to-head interaction site with a-spectrin during tetramer formation Speicher et al. 1993 ); Segment 33-nonrepetitive C-terminal segment containing a pleckstrin homology (PH) domain and lysine-rich terminus characteristic of all nonerythroid P-spectrins (Musacchio et al. 1993; Thomas and Kiehart 1994; Veil and Branton 1996) . Also found within this domain is a short polyglutamine stretch (opa sequence; Wharton et al. 1985) . Where these features comprise less than the entire segment they are underlined. The sequences surrounding the PH domain in the C-terminus are unique to PH. B, Schematic illustration of the differences between conventional pspectrins (left) and Pn (right). Numbering illustrates the segment nomenclature.
Domains are shaded as in figure 1. Also shaded are segments 2 and 3, indicating the location of the dimer nucleation site on the two proteins (Veil and Branton 1994) ; segments 15/16 on P-spectrin, indicating the known ankyrin-binding site on these isoforms (Kennedy et al. 1991) ; and the homologous repeats in Pn (16/17 and 29/30), which we do not believe to bind to ankyrin (see text for discussion). Note that, due to the segment nomenclature and the presence of the SH3 domain as segment 7 in PHI the repeat array numbering is increased by one relative to the number in P-spectrin after segment 6 (i.e., p l-6 = PH 1-6, but p 7-17 = Pn 8-18). igin of l3u ( fig. 4) . Further corroborating this observation is the recent identification of a P,-like spectrin in Caenorhabditis ekgans (J. Austin, personal communication) suggesting that this type of l3 chain is indeed old and will prove to be widespread. The coincident appearance of distinct lineages for cr-actinin, P-spectrin, /3n, and dystrophin suggests that closely spaced gene duplications gave rise to the precursors of these four gene fam-A Common Origin for OL-and P-Spectrins? The Relationship of PH to cx-Spectrin
Since the N-terminus of p-spectrin resembles the Nterminus of cx-actinin and dystrophin, and the C-terminus of cx-spectrin resembles the C-terminus of these same two homodimeric proteins ( fig. l) , it has been postulated that there was a homodimeric spectrin precursor that gave rise to both the (x-and @spectrin lineages (Byers et al. 1992 ). The sequence of l3n is consistent with this suggestion. In addition to the actin-binding segment 1, & has a PH domain at its C-terminus ( fig. 2 ), indicating that it shared a common ancestor with the @spectrin lineage. It also contains an SH3 domain (Dubreuil et al. 1990) , heretofore a characteristic of ol-spectrins, supporting the idea that Pn shared a common ancestor with a-spectrin. The Pn SH3 domain tends to cluster with the cx-spectrin class of SH3 domains in trees, but SH3 domains give poor bootstrap values at many points in such analyses. However, it is possible to align these sequences based on the crystal structures of several such domains. The alignment presented in figure 5 adds the &_, SH3 domain to that of the eight major classes of SH3 domain aligned by Musacchio, Wilmanns, and Saraste (1994) in this way. The most conserved residues of the PH SH3 domain best match those of the cx-spectrin phylogenetic signature and suggest that the origin of the PH SH3 domain is the same as that of the cx-spectrins. This supports a common origin for (x-and @spectrins, while divergence, particularly in the RT-loop, indicates that they probably have different binding specificity today (Musacchio, Wihnanns, and Saraste 1994) . Dct--Dictyostelium discoideum; Chkchicken; Mou-mouse;
Sch-Schistosomu munsoni; cwA-cx-actinin; Dy-dystrophin;
Fim-fimbrin.
A Model for the Origin of (x-and /3-Spectrins from a Common Precursor
An obvious problem in the evolution of the spectrins from a common ancestor derived from an cx-actinin-like molecule is the transition from a homodimeric to Musacchio, Wilmanns, and Saraste (1994) , which is based on several SH3 crystal structures (see text for discussion). Spectrin cons-p, residues matching the o-spectrin SH3 signature derived by Musacchio, Wilmanns, and Saraste are indicated-uppercase indicates a Pn residue matching an invariant position, lowercase indicates a PH residue matching a variable position, and asterisks indicate a failure to match. a heterotetrameric actin crosslinker. Today, during tetramer formation, the head-to-head interaction between CX-and P-spectrins occurs by reconstruction of a complete spectrin repeat where two a-helices are provided by the final l3 chain repeat, and the third is provided by the N-terminal end of the o-chain Speicher et al. 1993 ). This could arise by gene duplication followed by the precise loss of the N-and Ctermini from OL-and P-spectrins, respectively, and the acquisition of a PH domain in the p lineage. This is a complex scenario. It could also arise via a simple "gene cleavage" event; however, this would not explain why all modern P-spectrin genes encode a C-terminal segment containing a PH domain beyond this site, nor would cx-spectrin necessarily be expressed immediately after such an event, since it would be separated from the promoter and other regulatory sequences that previously drove its expression.
Alternatively, the transformation from a homodimerit ancestor to the modern heterotetrameric spectrins could have occurred via a considerably simpler molecular mechanism.
We propose that a reciprocal translocation event occurred involving a PH domain encoding gene and a site between the b and c helices of what we now know as P-spectrin segment number 18 ( fig. 6 ). This event would fuse the PH-containing domain onto the @spectrin ancestor after helix b and result in an (Yspectrin ancestor whose repeat array begins with helix c, both of which are features of modern spectrins. (xSpectrin expression would be maintained from the promoter of the second gene, and this event would simultaneously generate a prototype for the head-to-head interaction of CY-and @spectrin. The new heterotetrameric spectrin would therefore posses the ability to crosslink F-actin over the same distance as its homodimeric ancestor immediately after the translocation. Such a simple model, requiring only a single, very plausible event, is very attractive.
Evidence for Concerted Evolution in the Spectrin Family of Proteins
Intragenic duplications that result in proteins with tandemly repeated motifs presumably arise due to the dynamics of repeated DNA. Both unequal crossing over and replication slippage are mechanisms that allow repeated arrays of identical or closely related DNA sequences to expand and contract in a process expected to result in concerted evolution (Zimmer et al. 1980 ), whereby such tandemly repeated sequences tend to retain more similarity than expected. Loss and duplication of repeats during array length changes, and exchanges between repeats through unequal crossing over and gene conversion, respectively, would promote the spread of sequence variants across the array and maintain similarity among repeats. Gene conversion events will result in homogenization whether they involve mispairing of allelic repeat arrays or out-of-phase pairing of arrays in different genes. Mechanisms such as unequal crossing over presumably gave rise to the dramatic differences in repeat array length seen in the o-actinin/dystrophin/ spectrin superfamily of proteins and would be expected to result in concerted evolution within these repeat arrays; however, the lengths of the four proteins in the spectrin superfamily have remained fixed since the divergence of arthropods and vertebrates some 500 MYA. In addition, our previous analysis has shown that, since this time, each of the spectrin repeats has been evolving independently with little or no sequence exchange between them (Muse, Clark, and Thomas 1997) , suggesting that concerted evolution has been arrested. Whether the degree of sequence divergence among repeats is a cause or effect of the arrest is not possible to determine rigorously.
Traces of events that are consistent with intragenic duplication followed by sequence divergence can be seen in these proteins today. From comparisons of (xand @spectrin amino acid sequences, it has previously been suggested that there is an eight-repeat supramotif detectable in both (Y-and @spectrins (Byers et al. 1992) . Such block duplications result from unequal crossing over in a tandem array. Our comparisons among repeats in the spectrin family reveal a pattern of sequence divergence among repeats consistent with a hierarchical set of duplication events ( fig. 7) . The repeats in both CXspectrin and P-spectrin cluster in a way that strongly supports a block duplication offset by eight repeats, although subsequent exchange events have made this somewhat less distinct in the case of @spectrin ( fig. 7A-25 ). An alignment of the l3u repeats reveals two separate duplications offset by 8 repeats, which are in turn offset by 13 repeats ( fig. 7F and G) . This suggests the hy- one-step model for the generation of the cx-and P-spectrin lineages that accounts for all of the general structural characteristics of spectrins today. A, Schematic illustration of the change in structure from a homodimeric ancestor to the heterotetrameric combination of cx-and P-spectrins.
The spectrin repeat involved in the reciprocal translocation illustrated in this figure and described in the text is shaded black; all other domains are labeled as in figure 1 . B, Proposed mechanism for the transition from homodimer to heterotetramer.
A reciprocal translocation event is postulated to have occurred between the coding regions of the homodimeric precursor and a PH domain containing protein. The specific location of this event would have been between the b and c ar-helices of a spectrin repeat in the gene encoding the homodimer and N-terminal to the PH domain in the second gene (double-headed arrow). In one event, this would generate (1) a P-spectrin ancestor that contains a C-terminal PH domain; (2) (Y-and P-spectrin ancestors that are capable of interacting in a head-to-head fashion (C) while maintaining the F-actin-crosslinking activity at the same length as the homodimeric ancestor; and (3) an a-precursor that is immediately expressed through the acquisition of the promoter and regulatory sequences of the PH domain gene. C, Illustration of the head-to-head interaction that results from this event between the cx-and P-spectrin ancestors. In the homodimeric protein, the a, b, and c helices fold and interact to form a triple a-helical unit. After the translocation, this interaction now forms the basis for the new head-to-head binding site.
pothesis that the increase in length of the PH repeat array from the 17 seen in P-spectrin to 30 may have occurred in one unequal crossover event offset by 13 repeats. A second indication that concerted evolution was once operating in the spectrin repeat arrays of this protein superfamily comes from the existence of arraywide differences in the sizes of these repeats in different proteins. Dystrophin repeats are distinct from spectrin repeats in that they tend to average 109 amino acids in length instead of 106 (Koenig, Monaco, and Kunkel 1988) . This observation can be explained by the propensity for sequence variants to spread through a tandemly repeated DNA array by unequal exchange and conversion events. The ancestral gene for this superfamily could presumably have had either the 106-or 109-amino-acid-long repeat, with the other length variant spreading in the appropriate lineage by either neutral or selective mechanisms, although the slight heterogeneity of repeat lengths today makes it hard to infer precise ancestral lengths. The appearance of a repeat length variant across the whole array in spectrins or dystrophins combined with the evidence for block duplications in cx-spectrin, P-spectrin, and PH strongly suggests that processes leading to concerted evolution were once active in this superfamily of proteins. Our analysis supports the idea that o-spectrin, pspectrin, and PH had a common ancestor. We have also found evidence of concerted evolution in the cx-actinin/ spectrin/dystrophin superfamily of proteins, which indicates that the mechanisms necessary to derive both dystrophin and the spectrins from an cx-actinin-like precursor were active in this superfamily. Combining these two observations with our previous analysis indicating stability in the recent evolution of the spectrin repeat arrays (Muse, Clark, and Thomas 1997) suggests that the evolution of the superfamily can be divided into two phases: an initial dynamic phase, characterized by intragenic duplications and concerted evolution, followed by a stable phase that began before the arthropod/vertebrate split in which the number of repeats became constant and their sequences evolved independently ( fig. 8 ). During the first phase gene duplications produced the cx-actinin, spectrin, and dystrophin lineages, and the evolution of the repeat regions was dominated by the behavior of the tandemly repeated DNA encoding them rather than selection at the protein level for individuality among the repeats. This A;:
-Molecular evolution of spectrins revealed by gene trees. A detailed description of this nomenclature is given in Materials and Methods. A, Portion of the neighbor-joining tree of a-spectrin repeats including the human erythrocyte (Hum E) and nonerythrocyte (Hum N) forms and the chicken (Chk) and Drosophila melunoguster (Fly) a-spectrins. Distances are based on amino acid identity. Notice that the subtrees for each segment have identical topologies, indicating that the most recent common ancestor of differently numbered segments occurred before the arthropod/vertebrate split. These trees are robust; the bootstrap value at the earliest branch point on the example shown is high at the equivalent nodes that join other segment pairs in both the IX-and P-spectrin trees shown in B and C. In panel B, these are (in rank order) 88%, 88%, 92%, 94%, 96%, lOO%, lOO%, lOO%, and 100%. In panel C, all but one of these nodes has a 100% bootstrap value, the exception being 92%. B, Neighbor-joining tree for all a-spectrin repeats without the details of branches to the individual species' gene. A block duplication of segments [2-81 * [ 1 l-171 is supported by this tree (indicated schematically in 0). Dashed branches are a-spectrin segments from individual isoforms or species that did not cluster with the equivalent segments at the other branches, and are not to scale. C, Neighbor-joining tree (drawn and annotated as in B) for all of the individual P-spectrin repeats plus segments 2-5 and 8-18 of Pu, which appear to be colinear. Note that due to the segment numbering system, segments 8-18 of l3u = segments 7-17 of conventional @spectrins due to the insertion of the SH3 domain (Pu segment 7; see fig 2) . Where a given l3u segment groups with its P-spectrin homologs, only the P-spectrin segment number is shown for simplicity. Where a l3u segment does not group with its @spectrin homolog, it is labeled with the Pu segment number in parentheses and is on a dashed branch that is not to scale (i.e., &, segments 5, 8, 10, 11, 14) . A block duplication of segments [4, 6-101 w [12, 14- repeat array length becomes stable due to selective constraints on crosslinking distance and/or divergence of individual repeats as they acquire different functions
model for the evolution of the spectrin superfamily of proteins. We propose two distinct phases for the evolution of these proteins. The first phase, following the vertical hatched arrow, is dominated by the behavior of the repetitive DNA encoding the spectrin repeats. The repeat array lengths of these proteins would be unstable; sequence variants could spread across an array, and domains such as the SH3 domain would be mobile within an array and prone to duplication or elimination in unequal crossing over events. The second phase, following the horizontal hatched arrow, is characterized by loss of this behavior due to divergence at the DNA level. Abbreviations: GD-gene duplication(s); RT-reciprocal translocation diagrammed in figure 6 . The structures of the various intermediates postulated are indicated at key steps. The number of repeats in each of these proteins is necessarily uncertain due to the dynamic nature of the repeated DNA encoding them. The N-terminus is to the left and the domains are shaded as in figure 1. gave rise to both the repetitive arrays and the different repeat lengths of the spectrin and dystrophin lineages. During a transition period, we hypothesize that the new genes began to acquire distinct F-actin-crosslinking functions and that there was selection for specific lengths of crosslinking in each class of proteins. Subsequent selection against shorter or longer proteins would disfavor tandem arrays that continued to undergo array length changes and would favor those which remained stable. The molecular mechanism by which this occurred would be a self-reinforcing process as follows. A combination of genetic drift and selection for appropriate crosslinking properties would drive divergence at the DNA level while retaining the basic structural requirements for a spectrin repeat at the amino acid level. Such sequence divergence would cause a progressive diminution in the likelihood of both interallelic and intergenic misalignments, preventing additional duplications, conversion events, and concerted evolution, thereby fixing the proteins at the lengths we see today and initiating the second evolutionary phase. The current length of the spectrin subunits is evidently very stable, having remained unchanged since the divergence of the arthropod and vertebrate lineages. Since the actin-binding domains from different proteins show similar binding kinetics today (Winkelman and Forget 1993; Rybakova, Amann, and Ervasti 1996) , their function appears to have changed little during evolution.
Thus, actin-crosslinking distance and the flexibility of the tether composed of spectrin-like repeats would be expected to change as a consequence of changes in array length and repeat sequence length, respectively, providing a selective basis for length stabilization.
Conclusions
There are many examples of proteins that contain repeated domains, including other actin-crosslinking proteins such as ABP120 and ABP280, which contain a repeated crossed P-sheet motif (Noegel et al. 1989; Dubreuil 1991) while sharing the same actin-binding motif as the spectrin superfamily, the ankyrin-repeats that are found in several cytoskeletal and signaling proteins, armadillo repeats of p-catenins and plakoglobins (e.g. Riggleman, Wieschaus, and Schedl 1989; Peifer and Weischaus 1990) , and the numerous repetitive exodomains on adhesion and signaling molecules (e.g., EGF repeats of Notch [Wharton et al. 19951 and crumbs [Tepass, Theres, and Knust 19901) . It is likely that these proteins originated through intragenic duplication in a dynamic phase resembling that of the spectrins, while the specific selective pressures that led to their stabilization would obviously differ. Finally, we note that tenascin-X has a block of near-identical FnIII repeats (Bristow et al. 1993) , suggesting that this region may still be actively exchanging information between repeats.
